Probiotics are defined as live microorganisms that have a beneficial effect on health by exhibiting quantitative and qualitative effects on intestinal microflora and/or modification of the immune system. A strain is considered probiotic if it demonstrates a series of clinically proven health benefits. In recent years, the number of studies related to the antioxidant properties of probiotics has significantly increased. Antioxidants are substances that inhibit the degree of oxidation of molecules and cause the transformation of radicals into inactive derivatives. The incorrect or inefficient antioxidant mechanisms results in oxidative stress and may occur in the course of many diseases such as diabetes, atherosclerosis, inflammatory bowel disease or damage to the heart, brain or transplanted organs. Correct functioning of antioxidant mechanisms seems to be crucial for the proper functioning of our body; therefore, probiotics should be carefully investigated for potential antioxidant properties.
Introduction
The term reactive oxygen species (ROS) refers mainly to free radicals derived from molecular oxygen, and a few other chemically reactive mole cules, which originate during the gradual reduction of molecular oxygen. Oxygen-centered radicals (e.g. superoxide anion -O 2
• -
, hydroxyl radical -• OH, or hydroperoxyl -HO 2 • ) are regarded as distinct from oxygen-centered non-radicals, such as hydrogen peroxide (H 2 O 2 ), singlet oxygen ( 1 O 2 ) or ozone (O 3 ). Inside the human body, ROS function as regulators and mediators to ensure correct cell functioning [1, 2] . The role of ROS in numerous biological processes depends on their concentration, and overproduction can easily induce damage to proteins, nucleic acids or lipids through free radical reactions [3] [4] [5] [6] . Therefore, in the event of excess ROS production, protective antioxidant mechanisms are activated. Oxidative stress appears if these mechanisms work incorrectly or inefficiently [7] , resulting in an imbalance between antioxidant and oxidant levels, where oxidation is prevalent [8] . This imbalance affects human health and may contribute to chronic diseases or aging.
Oxidative stress is known to result in the occurrence of molecular mechanisms of diabetes, atherosclerosis, inflammatory bowel disease (IBD) and damage to the heart, brain or transplanted organs [9] . Inactivation of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) leads to the inhibition of glycolysis and a subsequent reduction of ATP level. 2 Arch Med Sci
Other consequences of oxidative stress include a decrease in reduced glutathione (GSH) to glutathione disulfide (GSSG) ratio, reduction of total glutathione (tGSH) level and formation of glutathione conjugates. In turn, active transport of GSSG and conjugates contributes to ATP consumption and reduced intracellular glutathione [10, 11] . Additionally, oxidative stress is often accompanied by mitochondrial membrane permeability, and abnormal activity of Na/K-ATPase and the calcium pump. Elevated oxidative stress can ultimately result in apoptosis or cell necrosis. Therefore, all possible mechanisms and new methods of oxidative stress reduction are of great interest [12, 13] .
Microorganisms have become popular food sup plements because they exhibit a great number of beneficial effects. Improvement of the gastrointestinal microbial environment [14] , competitive exclusion of pathogens [15] and stimulation of the host immune system [16] are just some of the many positive effects attributed to probiotics. Probiotic strains have been reported to scavenge hydroxyl radicals and superoxide anions and produce antioxidants. The most widely studied strains are currently Bifidobacterium and Lactoba cillus [17, 18] .
In vitro studies
In a study of bacterial samples containing cell free extracts or intact cells, Amaretti et al. [19] assessed the inhibition of linolenic acid peroxidation (TAALA), ascorbate autoxidation (TAAAA), superoxide dismutase (SOD) and cellular content of GSHt, GSH and GSSG. The authors investigated the antioxidant properties of a wide range of bacterial species, including Lactobacillus (11 strains), Bifidobacterium (seven strains), Lactococcus (six strains), Streptococcus thermophilus (10 strains).
The results indicate that the antioxidant mechanism and degree of antioxidant activity are typical for a particular bacterial strain. The duration of the study was reduced by using an initial in vitro analysis which allowed the best material to be selected for further studies in rats. Most of the strains, except for Lactococcus spp., were characterized by low levels of intracellular glutathione. Interestingly, although the majority of bifidobacteria did not produce any detectable amounts of tGSH, Bifidobacterium animalis produced the greatest amount of all the tested strains. The other strains which produced sufficient tGSH were Streptococcus thermophilus EI-16, S. thermophilus MB 410, Lactococcus lactis ssp. diacetilactis MB 447, and L. lactis ssp. cremoris. The greatest SOD activity was demonstrated by Lactococcus strains, whereas Lactobacillus spp. and Streptococcus thermophilus showed the greatest TAALA and TAAAA production. These results enabled the selection of Lactobacillus brevis, L. acidophilus and Bifidobacterium animalis subsp. lactis for subsequent in vivo animal studies.
It should be noted that the bioaccessibility of antioxidants is a very important parameter [20] . Cell-free extracts isolated from 38 strains, mostly from Bifidobacterium longum spp., were evaluated for their antioxidant capacity. Oxygen radical absorbance capacity (ORAC) was found to be a highly strain-specific feature characteristic of B. longum subsp. longum CUETM 172; however, this value is not in accordance with that of milk fermented with this particular strain. The ORAC assay is a suitable analytical method for determining antioxidant potential across a broad range of substances in food, nutraceuticals and pharmaceutical products. The test is based on a fluorescein dye used to monitor antioxidant activity and can be easily read on a microplate reader. An analysis of bacterial survival also revealed that survival rate in the gastrointestinal tract (GIT) is much more important for bioaccessibility of antioxidants than the antioxidant capacity of cell-free extracts. Studies suggest that improved bioaccessibility may be associated with the dead portions of probiotic bacteria: the strain with the lowest survival rate, specifically B. longum subsp. long um PRO 16-10, exhibits the highest level of antioxidant bioaccessibility, while the strain with the best survival rate, B. longum subsp. longum CUETM 172, exhibits the lowest bioaccessibility. Oral administration of B. breve Yakult (BBY) appeared to prevent transepidermal water loss and significantly suppress oxidation of lipids, proteins and the hydrogen peroxide level [21] ; however, its antioxidant capacity was unchanged. Hence, it could be said that the antioxidative effect of BBY does not result from antioxidant capacity but from prevention of ROS generation.
Another study [22] investigated the antioxidative effect of Lactobacillus acidophilus (ATCC 4356) and Bifidobacterium longum (ATCC 15708) in the form of intracellular cell-free extracts or intact cells. Both forms demonstrated inhibition of linoleic acid peroxidation, ranging from 38% to 48%, which indicates that Lactobacillus acidophilus and Bifidobacterium longum have a strong antioxidative effect. Additionally, both intracellular cell-free extracts and intact cells possess radical scavenging ability, which contributes to the antioxidative effect of the examined strains. The antioxidant properties of Lactobacillus fermentum, E-3 and E-18 were evaluated in the presence of ROS [23] . As a result, the probiotic strains showed a significantly longer survival time than the non-antioxidative strain, due to elevated glutathione level and MnSOD expression. Antioxidative Streptococ cus thermophilus AO54 is also associated with the presence of MnSOD, as confirmed by metal supplementation studies [24] , which indicate that S. thermophilus AO54 expresses MnSOD in a growth-phase-dependent manner.
Some studies argue that antioxidant effects are not unique to probiotics and that pathogenic microorganisms share the same features. How ever, Lactobacillus strains have been found to have higher total antioxidant activity than other examined strains [25] . Research has shown that obligatory heterofermentative lactobacilli are characterized by the strongest antioxidant activity [26] . Furthermore, they conclude that antioxidative activity is a strain-specific feature but can be related to the fermentation type of probiotic bacteria. Interestingly, it was revealed that green tea infusion had a positive effect on the antioxidant properties of probiotic products with Streptococcus thermo philus, Lactobacillus acidophilus LA-5, and Bifido bacterium animalis. Probiotic antioxidant capacity, measured with ferric-reducing antioxidant power (FRAP) and diphenyl picrylhydrazyl (DPPH) methods, was enhanced in a dose-dependent manner [27] . Interestingly, one of the most prevalent species in human saliva, Lactobacillus salivarius, exhibits relatively high antioxidative parameters, as documented by total antioxidant assay or (DPPH) radical scavenging assay [28] , whereas L. salivarius ssp. salivarius BCRC 14759 is even able to reduce the colon adenocarcinoma cell viability to less than 50% [29] .
Although lactobacilli and bifidobacteria are prevalent, they are not the only beneficial probio tic organisms. Studies have also addressed the possible antioxidant and ROS scavenging activity of Saccharomyces boulardii probiotics. A study by Suryavanshi et al. [30] identified which active compounds are responsible for the antioxidant potential of S. boulardii. The results of in vitro DPH, NBT and total phenolic and flavonoid content assays confirmed that crude extract is characterized by high antioxidant activity. Subsequently, the researchers induced oxidative stress with H 2 O 2 in A549 lung cancer cells. Saccharomysces bou lardii extract was found to reduce the formation of ROS in the A549 cell model, as measured by fluorescence. A further quantitative evaluation of S. boulardii extracts, performed with NBT and DPPH assays, indicated that antioxidant activity was significantly higher than that of ethyl acetate, DCM extracts and butanol.
Co-expression of the CAT gene katA from Lac tobacillus sakei and SOD gene sodA from Strep tococcus thermophilus in Lactobacillus rhamnosus AS 1.2466 was planned to achieve high oxidative resistance [31] . The L. rhamnosus cells were incubated with H 2 O 2 to initiate oxidative stress and their survival rate was evaluated. The modified bacteria were found to have a 400-fold higher survival rate than controls, which suggests that the combination of SOD and CAT expressed in probiotic bacteria can enhance the oxidative resistance of the host.
Elsewhere [32] , lactic acid bacteria (LAB) were investigated for their capacity to prevent oxidative DNA damage in HT29 cells. These bacteria, usually associated with milk products, are able to provide lactic acid as a major end-product of carbohydrate fermentation [33] . Lactic acid bacteria constitute a crucial group of microorganisms used throughout the food industry. Plumbagin and hydrogen peroxide were used to induce oxidative stress. Among 55 strains evaluated with plate growth inhibition assays, the strongest effect was observed in Strep tococcus thermophilus species. DNA damage prevention did not correlate with the individual O 2 (-) resistance of the bacteria. Additionally, it was revealed that only viable bacteria are able to reduce oxidative damage, unlike heat inactivated cells. Interestingly, LAB separated from HT29 by a permeable filter remain effective, which confirms that they release protective factors into the medium. The LAB started to manifest their protective properties when their titer was equal to 3 × 10 7 cells/ml, indicating that LAB antioxidant activity depends on their concentration. Most of the tested strains are characterized by bestowing a significant protective effect against oxidative damage, but others also damaged HT29 DNA. A similar study [34] on HT-29 cells revealed that both Lactobacillus aci dophilus 606 polysaccharide fraction and heatkilled L. acidophilus 606 demonstrated high antioxidant activity.
The cellular antioxidant activity (CAA) assay proved to be a suitable method for evaluating the antioxidant activity of 10 Lactobacillus strains [35] . A further comparison with other in vitro antioxidant activity assays, including DPPH radical scavenging, inhibition of linoleic acid peroxidation (ILAP), hydroxyl radical scavenging (HRS) and reducing power (RP) assays, found that lactobacilli cell-free supernatants exhibit antioxidant activities that can be quantitatively assessed in HepG2 cells. Of all the administered methods, L. rhamnosus CCFM 1107 demonstrated a strong antioxidative effect, similar to L. rhamnosus GG ATCC 53103, which served as positive control for all of the assays. Lactobacillus helveticus CD6 intracellular cell-free extract was also found to have strong antioxidative ability [36] . It demonstrated 27.5 ±3.7% inhibition of ascorbate autoxidation and the ability to chelate metal ions, and its DPPH radical scavenging activity was found to be about 24.7 ±10.9% for intact cells.
The antioxidative potential of soy milk, fermented with other probiotic bacterial strains, con- 4 Arch Med Sci stitutes another noteworthy research subject [37] . Various oxidant parameters have been evaluated, including hydrogen peroxide and superoxide anion scavenging, inhibition of ascorbate autoxidation and reducing activity. The antioxidative effects of soya milk fermented with individual probiotic strains or strains used in combination were always significantly stronger than the effects of unfermented soya milk. All the examined strains (L. acidophilus CCRC 14079, Bifidobacterium long um B6, B. infantis CCRC 14633 and Streptococ cus thermophilus CCRC 14085) exert antioxidative activity. Additionally, the authors claim that fermentation with all strains together gave better antioxidant results than each strain separately, and that the antioxidative activity of soy milk increases with the time of fermentation. Finally, although the antioxidative activity of fermented soya milk was reduced, it was higher than that of unfermented soya milk. The most popular strain used in the fermentation of soybean-based foods is Bacillus subtilis.
Han et al. [38] suggest that B. subtilis-fermented sword beans are potential sources of antioxidants and anti-inflammatory agents. The researchers observed stronger DPPH radical scavenging activity and ferric-reducing antioxidant power in the case of fermented sword beans than in non-fermented beans. In a similar study, B. subtilis strain BCRC 14714 exhibited strong antioxidative activity with a DPPH scavenging effect, strong reducing power and ferrous ion chelating effect [39] (Table I) .
Animal experiments
Recent years have seen growing popularity of probiotic products, not only for human use. Some studies have suggested that probiotics may offer potential benefits for domestic animals, such as pigs or chickens. Lactobacillus fermentum has a beneficial influence on antioxidant activity, thereby also on pig health: it has been reported to increase SOD and glutathione peroxidase (GPx) activity, and contribute to a decrease in MDA level in pig serum [40] , and hepatic CAT acidity was elevated after probiotic administration. It was also found that L. plantarum administration contributes to an increase in the activity of antioxidant enzymes in broiler chicken liver (GPx and CAT) and serum (GPx) and a decrease in MDA level in the serum [41] .
Dahi is a traditional yoghurt prepared from buffalo milk. A study co-cultured the milk with selected strains of Bifidobacterium bifidum and Lactobacillus acidophilus and then evaluated its anti-oxidative effects [42] . The control group included standard Dahi without probiotic enrichment and another with buffalo milk. Rats were fed the yoghurt for 110 days. Each month the authors performed an analysis of CAT and SOD activity in red blood cells (RBC). Table I .
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Additionally, at the end of the study an analysis of enzyme activity was performed in colorectal and liver tissue. Superoxide dismutase activity in RBC increased exclusively after probiotic Dahi administration, whereas RBC catalase activity increased more rapidly in the probiotic group. Similarly, SOD and CAT activity was enhanced by the presence of the probiotic in liver (exclusively) and colorectal tissue (as well as standard Dahi). It was concluded that probiotic Dahi efficiently improves antioxidant status in rats.
Another study, conducted on BALB/cJ mice, confirmed that bilberry alone suppresses oxidative stress to a similar degree as a combination of bilberry with Lactobacillus plantarum HEAL19 [43] . Additionally, probiotic administration efficiently reduced damage to the pancreatic tissues of diabetic rats and suppressed streptozotocin-induced oxidative stress [44] . During the study, Dahi supplemented by L. casei NCDC19 and L. acidophilus NCDC14 inhibited lipid peroxidation and maintained the activity of GPx, SOD and CAT. Similarly L. plantarum AS1 demonstrates antioxidant properties, which are additionally involved in the process of DMHinduced carcinogenesis of the rat colon [45] .
The administration of selected probiotic strains was found to counteract DOXO-induced oxidative stress and increase the total antioxidant activity of rat plasma [19] . Furthermore, the concentration of GSH in plasma was connected with the dose of administered probiotics. Probiotic administration did not modify oxidative stress indicators or plasma antioxidant activity in unstressed rats. Another study [46] found that probiotic L. casei and L. reuteri counteract the hazardous effects of aflatoxin-induced oxidative stress and increase the total antioxidant capacity (TAC) of rat plasma.
Preliminary tests with intracellular cell-free extract showed 72% inhibition of linoleic acid peroxidation, implying that L. casei spp. have possible antioxidant properties [47] . The findings revealed significantly increased activity of CAT, SOD and GPx in RBC in rats receiving probiotic supplementation. Similarly, significantly higher CAT activity and a slight increase in SOD activity were observed in liver tissue after 90 days of L. casei spp. supplementation than in untreated controls. In addition, the probiotic group demonstrated significantly lower levels of lipid peroxidation in rat liver cells and RBC.
Lactobacillus rhamnosus GG (ATCC 53103) (LGG) is one of the most widely used and tested probiotic strains. It was identified as a potential probiotic strain because of its resistance to acid and bile, good growth characteristics and capacity for adhesion to the intestinal epithelial layer. It has various well-documented health effects, including prevention and treatment of gastro-intestinal infections, diarrhea, and stimulation of immune re-sponses. Sun et al. [48] investigated the inhibition of Fe-induced colon oxidative stress in a study on a mouse model. LGG was characterized by longer survival time in the presence of H 2 O 2 and hydroxyl radicals compared with the mid-and non-antioxidative strains. In addition, LGG efficiently inhibited ferrous Fe accumulation in Fe-overloaded mice. During a similar rat study, it was demonstrated that LGG could modulate the redox state in the colonic fermentation system and inhibit the growth of Enterococcus and Escherichia coli [49] .
Grompone et al. [50] performed a notable study that assessed the antioxidative potential of probiotics, particularly Caenorhabditis elegans. This new method provides researchers with not only a fast and convenient method, but also a predictive tool for the screening of new probiotics. In total, 78 strains of Bifidobacterium and Lactobacillus were examined during the study: particular probiotic strains were administered to Caenorhabditis elegans and their survival rate after exposure to hydrogen peroxide was compared with that of a control Escherichia coli OP50 group. The highest antioxidant capacity was revealed by Lactobacillus rhamnosus CNCM I-3690, which increased the average Caenorhabditis elegans lifespan by 20%.
Some studies also focus on probiotic organisms in nature and genetically modify their antioxidant activity. Probiotics may be a vehicle for antioxidant enzymes. Such genetically engineered Lactobacil lus plantarum and Lactococcus lactis strains were analyzed in a TNBS colitis Wistar rat model. [51] . The modified bacteria, able to produce and release SOD, provided a significantly better anti-inflammatory effect than an infusion of bovine SOD. Elsewhere, manganese SOD producing Lactobacillus gasseri revealed similar strong anti-inflammatory activity in mice [52] . LAB are mostly catalase-negative, but there are some exceptions. Catalase-producing Lactococcus lactis was used in order to increase catalase activity and reduce H 2 O 2 level in a DMHinduced colon cancer mice model [53] . Numerous lactobacilli were initially screened in vitro for their antioxidative activity [54] . Lactobacillus casei ssp. casei strains exhibiting the highest antioxidative activity were selected for further in vivo studies. The results of linoleic acid peroxidation and microsome-thiobarbituric acid assay indicated that L. casei ssp. casei 19 was characterized by maximum antioxidant capacity from among 12 tested strains. In vivo studies indicate that supplementation with selected probiotic strains reduced TBARS values in the LDL fraction of rat plasma, thereby confirming the antioxidative potential of L. casei ssp. casei (Table II) .
Survival and stability of probiotics
Lactobacillus strains are intrinsically acid resistant to a certain extent. In addition, if the pro- Lactobacillus casei ssp. casei
Wistar albino rats
Cholesterol-lowering and antioxidative potential biotics reach the small intestine, they must also demonstrate resistance to bile, which may affect the lipid composition and fatty acid of their cell membranes and decrease the survival of bacteria [55, 56] . The most significant variables are concentration and length of exposure to bile salts, stomach acidity and length of exposure and individual properties of the probiotics strains [57] . Some methods are suitable for the simulation of gastro-intestinal conditions [55] . The viability of probiotics at the point of consumption is a factor for the future transit through the adverse conditions of the stomach and/or small intestine [58] . The survival rate of lactic acid bacteria placed in simulated duodenal fluid is correlated with the initial count of bacteria [59] . Recent studies have also confirmed the poor survival of probiotic microorganisms in traditionally fermented dairy products [60, 61] . Probiotic survival in products may be affected by a broad range of factors, e.g. storage temperature, H 2 O 2 production, stability in dried or frozen form, pH, post-acidification in fermented products or oxygen toxicity [58, [60] [61] [62] .
Protective technologies to keep probiotics alive and active during processing and storage are under development. Encapsulation significantly raises probiotic survival. The target of this process is to create a favorable micro-environment in which probiotic bacteria survive processing and will be released in an appropriate place. Studies have demonstrated the benefits of encapsulation regarding protection against adverse conditions [63, 64] . Another study confirmed that Streptococcus thermophilus and Lactobacillus delbrueckii subsp. bulgaricus can be recovered after passage through the gut. Yogurt bacteria evidenced that they can survive transit through the gastrointestinal tract. Nonetheless, permanent selection of improved functional strains and the adoption of new methods to enhance survival are needed to achieve better results in probiotic viability and survival [65] .
Human studies
One study evaluated the effect of Lactobacil lus strains on oxidative stress in athletes [66] . In this study, one group consumed a mixture of L. paracasei IMC 502 and L. rhamnosus IMC 501 every day for a four-week period. In the initial part of the study both bacterial strains were examined by the thiobarbituric acid (TBA) method to determine antioxidative activity in vitro and similarly oxidative stress resistance was assessed. As a result, both Lactobacillus strains, in the form of intact cells, similarly inhibit linoleic acid peroxidation, which demonstrated their antioxidative effect, which mostly occurs in intracellular extracts. Additionally, both strains exhibit adequate oxidative stress re-sistance. Subsequently, the biological antioxidant potential of plasma and level of plasma reactive oxygen metabolites were measured in the control and probiotic groups. Participants were required to perform intensive physical activity, which induces intense ROS production and oxidative stress. It was found that two examined strains exerted strong antioxidant activity. Probiotic supplementation contributes to increased plasma antioxidant levels, which leads to ROS neutralization and provides a great opportunity for more extensive use of probiotics. Additionally, feces analysis after probiotic administration showed that the colonization ability of these strains is probably host-specific.
Results obtained by other researchers also confirm the beneficial effects of probiotics [67] . This complex and detailed study investigated the antioxidant efficacy of probiotic capsules and fermented goat milk containing L. fermentum ME-3 among healthy participants. To evaluate human body oxidative status, blood serum from participants was analyzed for total antioxidative status (TAS), total antioxidative activity (TAA) and glutathione redox ratio. Improvement of oxidative stress markers was observed for both formulations: probiotic capsules and fermented goat milk. However, the L. fermentum ME-3 fermented goat milk group demonstrated significantly higher levels of TAA and TAS markers than the capsule group. Additionally, a reduction was observed in the glutathione redox ratio, but only in participants consuming fermented goat milk; this implies the existence of a relationship between the type of formulation and probiotic antioxidant properties inside the host.
However, other studies do not present probiotics in such a positive light regarding oxidative stress. Some species of commensal gut bacteria induced rapid generation of physiological levels of ROS from an unknown source within mammalian epithelial cells that had regulator effects [68] [69] [70] [71] . Cellular ROS are often produced via the catalytic action of NADPH oxidases. Moreover, lactobacilli were found to be especially potent inducers of ROS generation in cultured cells and in vivo. According to Neish et al. [72] this effect was demonstrated as an increase in the oxido-reductase reaction of transcriptional factor activations (NFkB), NrF2 and the antioxidant response element, reflecting a regulated cellular response to increased ROS production.
Another study was conducted on pregnant women in the third trimester. Nine-week consumption of probiotic yogurt enriched with L. aci dophilus LA5 and Bifidobacterium lactis BB12 did not significantly change erythrocyte GPx, plasma GSH, TAC or serum 8-oxo-G levels in comparison with conventional yogurt [73] . Only erythrocyte 9 glutathione reductase (GR) level significantly rose compared to the control group.
A randomized clinical trial conducted by Chamari et al. [74] investigated CAT level in the plasma of healthy women depending on the probiotic supplementation. The probiotic group demonstrated a significant increase in catalase level in comparison with the untreated, i.e. control group. In turn, Lactobacillus casei 01 supplementation did not result in any significant improvement of oxidative status in rheumatoid arthritis (RA) patients compared to placebo [75] . Finally, the beneficial effects of probiotics were also investigated in a group of smokers. Lactobacillus plantarum administration resulted in a significant reduction of plasma F 2 -isoprostane concentrations (31%), in comparison with the control group. These biochemical markers are very sensitive and effective in oxidative stress and lipid peroxidation assessment [76] (Table III) .
Mechanism of the antioxidant activity of probiotics
Probiotics can act directly neutralize oxidants by the expression of antioxidant enzymes. One of the best known of these enzymes is SOD. Kullisaar et al. [23] found that L. fermentum E-3 and E-18 were able to express Mn-SOD to resist oxidative stress. Moreover, probiotic bacteria could be very valuable vehicles for many different antioxidant enzymes and allow their local delivery. Recently, it was demonstrated that mice with Crohn's disease receiving engineered, SOD-producing L. casei BL23 had faster recovery, increased enzymatic activity in the gut, and a lesser extent of intestinal inflammation than controls [53] . Probiotics are able to produce various metabolites with antioxidant activity, such as butyrate, glu-tathione (GSH) and folate. Clostridium butyricum strain MIYAIRI 588 is a butyrate-producing probiotic which induces antioxidases in rats with nonalcoholic fatty liver disease to suppress hepatic oxidative stress [68] . Probiotics can also inhibit intestinal pathogens and reduce postprandial lipids which are involved in oxidative damage [47, 77] . In the context of its antioxidant activity, the plasma lipid profile is another important factor modulated by probiotic supplementation [78, 79] .
Many studies have investigated probiotic antioxidant activities, but the mechanism of action still remains unclear. The authors note that exopolysaccharides which are released by probiotic bacteria potentially play a role in the oxidative stress reduction [80, 81] . The study also compared the antioxidant properties of EPS synthesized by Bacillus coagulans RK-02 with those of vitamins E and C [80] . EPS exhibited significant free radical scavenging and strong antioxidant activities analyzed using various methods. The next experimental work [81] evaluated the effect of EPS producing probiotics on a colitis model in rats. The study confirmed a significantly higher level of MPO in the low-EPS A13 strain group than in the high-EPS B3 group, after induction of oxidative stress. A factor related to the antioxidant properties of probiotics may be their metal chelating abilities; transition metal ions are able to initiate decomposition of hydrogen peroxide into peroxyl and alkoxy radicals or to start lipid peroxidation, thus increasing oxidative stress [82] . Interestingly, some Bifidobacterium spp. cultures may be able to reduce hepatic exposure to intestinal products such as LPS that promote cytokine production and oxidative stress [83] . Lactobacillus spp. may also improve the plasma levels of lipid peroxidation markers [84] . Total antioxidative ability and resistance to ROS proved to be suitable tools for antioxidative capacity evaluation [85] . The highest antioxidant activity was demonstrated by Lactobacillus casei KCTC 3260, which was assumed to be caused by its very strong chelating activity for ferric ions; the researchers [49] suggest that free radical-scavenging ability is connected with "free" ferrous ion chelating activity and the modulation of redox state in gut chime. Lactobacillus rhamnosus GG (LGG) and L. paracasei Fn032 significantly inhibited the production of H 2 O 2 induced by ferrous ions. Fn001 successfully inhibited growth of Enterococ cus and Escherichia coli related to ferrous ion presence. The peptides released during yoghurt fermentation, and hence their expected antioxidative properties, may play an important role in revealing the probiotic antioxidative mechanism [86] . This mechanisms could even play a major role in many severe diseases. Preclinical studies have documented Lactobacillus rhamnosus GG effects in reducing chronic inflammation associated with cancer development [87] . Nutraceuticals including probiotics are characterized by lipid-lowering properties, important in clinical practice [88] . In vitro tests found that lower molecular weight protein fractions were characterized by stronger antioxidative potential than high molecular weight fractions. It was found that beneficial antioxidant properties are conditioned by the presence of certain free amino acids [89] . In turn, L. plantarum CAI6 and L. plantarum SC4 were investigated in hyperlipidemic mice [90] : the Lactobacillus antioxidative defense mechanism was found to be associated with stimulation of Nrf2 expression in the liver. In another study, probiotic supplementation caused increased levels of mucosal GSH which contributed to attenuated oxidative mucosal damage [91] .
Conclusions
Careful consideration of the most appropriate species and strains is key to the success of a probiotic antioxidative intervention for a particular pathological condition. However, the European Food Safety Authority (EFSA) has yet not authorized any health claim on probiotics -they can be "potentially" helpful in a number of diseases. Probiotics could be a possible intervention for ischemia-reperfusion injury by reducing ROS generation and lipid peroxidation, as well as increasing SOD activity. Another target for probiotics could be irritable bowel disease. The most commonly used strains are Lactobacillus and Bifidobacteri um, which are reported to secrete SOD enzymes and metal-chelating and antioxidant molecules, and could protect the intestine from IBD or even colorectal cancer. Probiotic bacteria capable of local delivery of SOD could open a novel approach to bowel diseases characterized by massive ROS production. Finally, patients experiencing liver disease characterized by strong oxidative stress can benefit from the antioxidant effects of probiotics. To develop novel probiotic products with the potential for preventing oxidative stress, the search for specific probiotic strains which offer the most effective prevention and mitigation of oxidative stress needs to be continued. Other studies are also needed to reveal the complete antioxidative potential of potential probiotics. 
